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NOTICE
This report contains information prepared by Northrop Corporate
Laboratories under JPL subcontract. Its content is not necessarily
endorsed by the Jet Propulsion Laboratory, California Institute of
Technology, or the National Aeronautics and Space Administration.
NEW TECHNOLOGY
#	 1
All technological developments to date are reported herein. They
are considered to be unreportable under the instructions of NHB
2170.2 dated October 1966.
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4ABSTRACT
Minority carrier lifetime degradation by Co 6o
 gamma radiation was
investigated in bulk silicon containing aluminum, boron, or diffused
lithium. The results indicate that Al- and Li-doped materials are
significantly more sensitive to this type of radiation than are com-
parable B-doped materials. These results are particularly surprising
because they appear to contradict previous reports of enhanced radiation
resistance of Al-doped bulk material and of Li-doped solar cells. One
explanation for the apparent contradictory behavior of these materials
may be the fact that their electrical properties are extremely sensitive
to pre-irradiation heat treatments. The use of the proper treatment
is consequently expected to influence the radiation response.
Differences might also exist because of device effects not present in
bulk material and because of dose and injection level dependences.
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INTRODUCTION
This report describes current progress in an experimental study of
the recombination properties and radiation sensitivity of silicon
containing aluminum, boron, or lithium. The purpose of the study
is to determine whether the radiation resistance or "hardness" of
silicon solar cells or other devices can be improved by the proper
choice of dopant.
Aluminum- and Li-doped materials are being investigated because
of previous reports that these materials do exhibit enhanced radiation
resistance. The Li-doped samples used in the study are prepared by
diffusing this impurity into P-doped blanks using a paint-on technique.
The remaining samples including the blanks are prepared from
commercially grown crystals.
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TECHNICAL DISCUSSION
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MATERIAL PROCUREMENT AND SAMPLE PREPARATION
With the exception of two crucible-grown Al-doped crystals on order from
Texas Instruments, Inc. , all of the silicon purchased for this contract was
delivered during this reporting period. A major portion of the effort was
consequently devoted to sample preparation and to determining the lifetime
of suitable samples from their photoconductivity decays. The two undeliv-
ered crystals were ordered more than four months ago but shipment has
been postponed twice since then. The slow delivery of these crystals is
partly due to the fact that they are non-standard and the manufacturer has
has difficulty in meeting the lifetime specifications. However, the delay is
also related to the current world-wide shortage of silicon single crystals.
This shortage has become so severe that the Dow Corning Corporation, a
major supplier of silicon, recently told us that they would not accept any
new orders for conventional crystals until mid 1970.
Twelve crucible-grown crystals representing three different Al- or B-
doped materials were received from the General Electric Company. The
lifetimes of these crystals were appreciably shorter than the 50 µs minimum
desired. In addition, all of them exhibited moderate to severe trapping and
each had a relatively large resistivity gradient. The gradient in the Al-
doped crystals was no doubt related to the extremely small segregation
coefficient of this dopant in silicon but it was felt that the uniformity could
be improved by modifying either or both the pull and rotation rates used in
a
growing the crystals. Unfortunately, the current labor strike against this
company has prevented further attempts to grow better crystals.
Al-doped crystals grown by float-zone-techniques were received from both
General Electric and Texas Instruments. All of these crystals had life-
times longer than 50 µs -and potential profiles of representative samples
G
from the crystals revealed that the resistivity was much more uniform
than that of comparable crucible-grown material.
LIFETIME DEGRADATION STUDIES
Twenty-one samples representing eleven different crystals were irradiated
simultaneously in the Northrop Co 60 gamma source to study possible effects
of dopant impurity on lifetime degradation in these materials. The samples
were exposed to a total of 6.86 x 10 6
 R in a period of 49 hours. To
minimize annealing during the exposure period, the irradiation was per-
formed with the samples at dry ice temperature (-780C).
The experimental results are summarized in Table I which lists the pre-
and post-irradiation lifetimes of each sample at 30 0C and the resulting
lifetime damage constant. The damage constant, K, is defined through
the relationship
1	 1	 q5
T^ - T K
O
where T and T , ,^tre the pre- and post-irradiation lifetimes and 0 is the
gamma. dose (1.1 x 10 16 gammas /cm2 ). If the lifetimes are expressed in
microseconds, K represents the gamma dose required to reduce the life-
time of an initially perfect sample (T O = w) to 1 ps and is thus proportional
to the radiation "hardness" of the material.
The sample designation scheme employed in the table denotes the crystal
manufacturer, growth technique, dopant impurity, and pre-irradiation
resistivity at 300C, respectively. Manufacturers D, G, and T are the
Dow Corning Corp., General Electric Co., and Texas Instruments, Inc.,
respectively. Crystal growth methods denoted by F, L and V Are all
basically float-zone techniques and are consequently expected to produce
"oxygen-free" material (",-< 5 x 10 16 cm 3 ). The Czochralski or crucible
technique indicated by the letter "C" is expected to produce crystals with
significantly higher oxygen concentrations 0" 10 17
 cm 3).
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TABLE I.
	 Lifetime Damage Constant for Silicon Samples Irradiated
with 1.1 x 10 16 Co60 gammas /cm2.
T o
T0
K
Sample µs µs 2	 17Y's cm 4s x 10
TLA1 4.4 462 12.3 1.39
TLA1 4.4 483 11.5 1.30
GFA1 6.3 164 9.1 1.06
GFAl 6.3 274 7.9 0.90
TLA1 8.9 153 10.8 1.28
TLA1 9.0 164 12.6 1.50
GFA1 8.4 77.9 8.4 1.03
GFAl 8.7 77.9 9.4 1.17
GCAl 15.2 27.1 11.0 2.04
TLB 4.3 433 31.0 3.67
TLB 4.3 411 32.5 3.88
TLB 9.4 433 45.4 5.58
TLB 8.9 433 46.2 5.69
DVB 9.4 193 32, 5 4.30
DVB 9.1 153 31-7 4040
GCB 8.4 ry 16.2 9.8 2.74
GCB 8.2 18.1 79 1.51
TLP(Li) 1.2 164 3.6 0.,41
TLP(Li) 2.1 82.2 4.5 00;531
TLP(Li) 4.6 231 5.8 0.65
TLP(Li) 12.1 289 21.4 2.54
Samples from different crystals.
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The data in Table I indicate that, in spite of hopes that they would be less
sensitive, Al-doped samples are even more sensitive to garnma radiation
than are B-doped samples prepared by the sae-ne growth method and having
comparable resistivities. These results agree quantitatively with Ohose
"	 obtained for seven of nine A1-dogged samples irradiated in a previous studyl
and agree qualitatively with our more recent studies of neutron-irradiated
silicon containing this dopant. 2
 The latter results, on the other hand,
contradict those obtained in earlier studies of neutron-irradiated Al-doped
silicon. 3,4 In the earlier st^ .3ies, the samples were heat treated in an
attempt to improve the lifetime before they were irradiated. These treat-
ments did improve the lifetimes but they also caused increases of as much
as a factor of five in the sample resistivities. Moreover, those samples
which exhibited the largest resistivity changes before irradiation also
exhibited the largest lifetime damage constants after irradiation.
These results and results of more recent investigations described below
of the effect of heat treatments on the electrical properties of Al-, B-,
and Li-doped silicon reveal that such treatments can strongly influence
the carrier concentration in material containing aluminum or lithium.
Such an effect is expected in Li-doped silicon because of the high mobility
of this atom in th( silicon lattice and the previously demonstrated instability
of this material. However, significant effects also occur in Al-doped
silicon but not in material containing boron. Presumably, the heat treat-
ments alter the concentration of neutral aluminum or lithium interstitials
by producing stable donors involving oxygen, silicon and dopant atoms.5
If such is the case, it may be possible to decrease the radiation sensitivity
of the material by use of the appropriate pre-irradiation heat treatments.
Only three crucible-grown samples were irradiated because of the short
lifetimes and severe trapping effects exhibited by most of this material
which has been received to date. These effects were also present but to
a lesser degree in the samples indicated in the table and are at least -
5	
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partly responsible for the large difference between the K values of the two
GCB samples. Because of the poor quality of most of the crucible-grown
crystals, particularly those containing sluminum, -it has not been possible
to properly evaluate the effects of oxygen on the radiation response of these
"	 materials. However, it is hoped that the two crystals mentioned previously
which are on order from Texas Instruments and currently schedules for
delivery by the end of January will prove satisfactory for this evaluation
in Al-doped materials.
The four TLP(Li) samples indicated in Table I were prepared by diffusing
lithium into blanks cut from the same crystal of 'L 160 ohm cm P-doped
silicon but using diiferent diffusion treatments. As was mentioned in the
last quarterly report (NCL 69-52R), low resistivity samples	 5 ohm cm)
prepared in this manner exhibit a lifetime minimum slightly below room
Is	 temperature while higher resistivity samples  do not. Although post-
irradiation measurements of lifetime as a function of temperature have
If been performed on only one of these samples, the apparently strong depend-
ence of the damage constant on dopant concentration exhibited by these
samples is believed to be related to this behavior. At any rate, none of
the samples appears to be as radiation resistant as comparable B-doped
samples.
This result is particularly surprising since it strongly contradicts the
results obtained in studies of Li-doped solar cells. One explanation for s
this disagreement may be the fact that these bulk lifetimes are deter-
mined from photoconductivity decays using low injection levels while the
lifetimes in devices are determined from diffusion length measurements
which are usually performed at much higher excess densities. If the life-
time is dependent upon the injection le,:el, different results would be
expected from the two types of measurements. Measurements of lifetime
A	 o,s a function of injection level in these bulk materials should consequently
prove invaluable for relating device and bulk behavior.
6
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An alternative would be to determine the lifetime of these materials by
means of diffusion length measurements. We have been considering a
method for directly observing the diffusion length in both irradiated and
unirradiated bulk material using a scanning electron microscope. The
technique is currently in the developmental stage but it is expected to prove
superior to present techniques which employ solar cells for diffusion length
measurements. Either or both diffusion length measurements and injection
level studies will be performed on some of the Li diffused samples if time
permits.
The presence of the electric field in the junction region of solar cells may
also account for the apparent difference between the radiation response of
these devices and that of bulk material. The field certainly affects the
recombination statistics of minority carriers and may introduce other
complicating factors as well.
f
Another factor which must be considered is dose effects. As we have
shown previously, in non-Li-containing material, annealing processes are
strongly dose-dependent and it would not be surprising if a similar effect
occurred in the presence of lithium.
HEAT TREATMENT OF UNIRRADIATED SILICON
Samples from four of the General Electric crystals which had lifetimes
shorter than 15 ws and which exhibited severe trapping effects were
annealed for 24 hours at 460 0C to investigate the possibility of improving
the lifetime by heat treatments. Two of the samples were Al-doped and
two contained boronbut all were prepared from crucible-grow- crystals.
Both of the Al-doped samples were converted to n-type by the heat eat
ment but the essentially intrinsic resistivity of each prevented successful
lifetime measurements after the anneal. In contrast, both the lifetime
and resistivity of a 12 ohm cm B-doped sample were unchanged by the
anneal while both properties were slightly reduced in a 9 ohm cm sample
containing this dopant.
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The very drastic changes produced in the Al-doped samples indicate that
major changes in either or both the type and concentration of defects present
in this material occur upon heating. As stated above, we tentatively assume
that these changes are due to the formation of the stable donors involving
aluminum, oxygen and silicon atoms which were reported by Fuller, et al. 5
Further investigations of these effects are warranted since it is possible
that more moderate treatments could leave the material in an intermediate
state in which a significant decrease in radiation sensitivity could Ube obtained.
LITHIUM DIFFUSION STUDIES
Experiments were continued to determine the optimum heat treatment for
diffusing lithium uniformly into large samples used for lifetime studies.
In the latest experiments, samples  having uniform re s i s tivitie s and life-
times greater than 200 4s were prepared by heating for P hours at 4000 
following a diffusion cycle of '- 8 minutes at the same temperature. These
samples are comparable to or better than ones prepared earlier using a
similar diffusion cycle but minimum distribution times of 24 hours.
The source of lithium used in preparing these samples was a solution of
lithium-aluminum hydride in ether. Because of the extreme reactivity of
this material at elevated temperatures it is necessary to perform the heat
treatments in vacuum. This requirement limits the control of the diffusion
cycle since the samples can not be inserted into a preheated furnace or
quenched rapidly after the desired annealing interval. As a consequence,
the properties of samples prepared using essentially identical heat treat-
ments exhibit larger variations than desired. It is not certain whether
these variations are caused by differences in lithium concentrations in the
samples due to differences in the source or whether they are due to subtle
differences in the heat treatments which affect the distribution of this
impurity. Berger and coworkers at Gulf General Atomic have performed
neutron activation analysis measurements on lithium-diffused samples
prepared by a similar paint-on technique._ They reported that the activation'
8
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analysis measurements indicated the samples contained up to eight times
as much lithium as was indicated by electrical resistivity measurements.6
If this is the case, a large fraction of the lithium is apparently electrically
neutral. The fraction may be altered however, by the formation of
complexes involving oxygen, silicon and dopant atoms analogous to those
produced in Al-doped silicon by thermal anneals.
ISOCHRONAL ANNEALING STUDIES
One of the Li-doped samples indicated in Table I [TLP(Li) 12.11 was
isochronally annealed to investigate the recovery of the radiation-induced
lifetime degradation in this material. Figure 1 shows the recovery of the
reciprocal lifetime of the sample measured at 30°C following a one-half
hour anneal at each of the indicated temperatures. Since the lifetime is
expected to vary inversely with the recombination center concentration,
the curve represents the fraction of radiation-induced centers remaining
after each anneal. The fraction not annealed, f, is defined as
1 _ 1
T T T°
f =	 1	 1
T^ - T°
where T o and T^ are the initial and post-irradiation lifetimes at 30°C,
respectively and T,I, is the lifetime at this temperature following the anneal
at temperature T.
The absence of any significant recovery after the anneal at 72°C and the
large reverse annealing stage at 84°C evident in the figure are surprising
in view of reported self-healing of Li-doped solar cells at room tempera
ture following 1 MeV electron irradiation. ?
 It is interesting to note that
the approximately seven-fold increase in lifetime damage after the anneal
0
at; 84 C was accompanied by a five-fold increase in the amount of trapping.
This behavior suggests that perhaps another species of defect was produced
upon heating to this moderate temperature but that at higher temperatures
these defects became unstable and vanished.
'	
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Figure 1 Isochronal annealing' of-reciprocal lifetime at 300C in a Co 60
Y-irradiated Li-diffused sample.
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CONCLUSIONS
Studies of lifetime degradation in Co 60 gamma-irradiated silicon indicate,
surprisingly, that samples containing aluminum or lithium dopants are
appreciably more sensitive to this type of radiation than are comparable
B-doped samples. However, studies of unirradiated Al- and Li-doped
samples reveal that the proportion of electrically active impurities in
these materials can be altered drastically by heat treatments. This fact
suggests that it may be possible to influence the concentration and/or nature
of certain defects present in these materials both before and after exposure
to radiation. If this is correct, it may be possible to increase the radiation
resistance of these materials by subjecting them to simple heat treatments
before exposure.
FUTURE PLANS
During the next reporting period, some of the previously prepared Al-doped
samples which exhibited unacceptably short lifetimes or excessive trapping
effects will be annealed to produce significant increases in their resistivities.
These samples will then be irradiated with Co 60 gammas to determine
whether the heat treatments increase the lifetime damage constant. Addi-
tional Li-diffused samples will also be irradiated, and annealed to provide
additional data concerning the response of this material. Some of these
samples will be 'subjected to different pre-irradiation heat treatments to
assess the effects of such treatments on the radiation response.
11-
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